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LNTRODUCTION 
Ultrasonie nondestructive testing oflarge grained materials is limited by the ability of 
the detection process to distinguish the flaw signals from the backscattered grain boundary 
echoes. This coherent grain noise often masks the echo from inhomogeneities and defects in 
the material. Absorption and scattering effects further reduce the ultrasound energy leading to 
poor signal-to-noise ratio in the received signal. It is not possible to reduce the grain clutter 
by conventional time averaging techniques due to its coherent nature. Different algorithms 
utilizing the principles of frequency diversity and spatial diversity have been used in the past 
for signal-to-noise ratio enhancement. In NDE applications where the noise is primarily due 
to Rayleigh scattering, it can be shown that flaw detection can be improved significantly by 
merely bandpass filtering the lower part of the received wideband echo spectrum. Both 
theoretical and experimental results are presented to support this conclusion. The filtering 
technique is successfully tested on materials with different grain sizes. The main advantage 
of this method is its relative simplicity, which eliminates the need for sophisticated and 
computationally intensive signal processing algorithms. Furthermore, this technique allows 
simple hardware implementation for real-time applications. The optimal parameters, i.e., the 
center frequency and bandwidth of the bandpass filter are experimentally determined. 
One of the major !imitations in the application of ultrasonic nondestructive testing 
techniques to large grained materials is the high level of background noise present in the 
measured signal, known as c1utter. The unwanted echoes are primarily due to the grain 
microstructure and can mask the reflections from the target or flaw, leading to difficulties in 
their detection. Furthermore, since the grain boundaries are stationary, the resulting grain 
noise cannot be reduced by conventional time averaging. 
Research based on the concepts of frequency and spatial diversity have been condücted 
in the past to suppress the grain noise and provide enhancement in the signal-to-noise ratio of 
the processed signal. The main objective of these techniques is to obtain a set of decorrelated 
clutter signals; processing an ensemble of such signals results in an improved signal-to-noise 
ratio [l-6J. Conventional methods to obtain such a signal set include collecting the ultrasonic 
data from different locations of the transducer (spatial diversity) and varying the transmitted 
frequency between successive measurements (frequency diversity). An alternative frequency 
diversity method, proposed by Bilgutay et al. in 1979 [1], transmits a single wideband signal 
and subsequently windows the received spectrum using narrowband Gaussian filters to 
obtain an ensemble of decorrelated signals. The last two methods take advantage of the 
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susceptibility of the grain clutter to the transmitted frequency, the result is an ensemble of 
frequency diverse clutter with low correlation. Since the target, which could be a hole, flaw, 
crack, etc. in the material, is cooparatively large, its echo is relatively impervious to the 
frequency of the transmitted signal and thus remains correlated. These techniques have been 
used in conjunction with linear and nonlinear signal processing methods to improve the 
detection of defects with considerable success. In certain cases, however, it was noted that 
simple filtering techniques may be sufficient to improve the signal-to-noise ratio (SNR) 
[5,6]. 
THEORETICAL ANALYSIS 
The loss of energy in an ultrasonic wave propagating through a medium can be 
attributed chiefly to scattering and absorption [7]. The overall attenuating eftect depends 
greatly on the type and structure of the material and its pretreatment. Scattering loss occurs 
because ultrasound energy is dispersed from inhomogeneities in the material and from elastic 
discontinuities at the grain boundaries. According to classical theory, sound absorption 
occurs due to the direct conversion of sound energy into thermal energy resulting in the loss 
of transmitted acoustic energy. Both los ses set limitations to the testing of materials by 
reducing the echo from the flaw and backwall. Scattering also produces numerous echoes 
with different transit times corresponding to the microstructure, which interfere with the 
desired target echoes. The amount of energy scattered depends on the relative magnitude of 
the wavelength and the average grain diameter. 
The intensity of the sound wave, which decreases only as a result of attenuation can be 
written in the form of an exponential function [7] 
(1) 
where A is the received echo amplitude, Ao is the initial amplitude in the insonified medium, 
dis the distance traveled by the sound and a is the attenuation coefficient. The attenuation 
coefficient can be separated into two components, an absorption coefficient and a scattering 
coefficient, 
(2) 
The absorption loss varies directly with frequency: 
(3) 
where Cl is a constant independent of grain size and anisotropy of the material. 
The scattering coefficient depends on the ratio of grain size Dk to the wavelength 'A 
leading to three different possibilities. For small Dk/'A, corresponding to the Rayleigh 
scattering region, the scattering coefficient is proportional to the third power of the grain 
diameter, the fourth power of frequency, and on the anisotropy by a factor FA' Thus, the 
total attenuation coefficient can be expressed as: 
(4) 
where Cl and C2 are constants. In the case of light metals, the factor FA would be almost 
zero [7]. 
If the grain diameter is greater than the wavelength (the diff~sion region), t.he ~cattering 
coefficient is independent of the frequency and inversely proportlOnal to the gram Slze. 
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Accordingly, the attenuation coefficient is: 
(5) 
where C3 and C4 are constants. Experimental data indicate that the validity of the Rayleigh 
region requires approximately Dk < ')J3, and the diffusion region Dk > 31- [7]. 
In between these extreme cases lies the stochastic scattering region where the 
wavelength is approximately proportional to the average grain size. In this region part of the 
energy is reflected and part of it is scattered. Here, the scattering coefficient is less dependent 
on the frequency of the transmitted pulse and independent of anisotropy. In this region the 
attenuation coefficient is: 
(6) 
where Cs and C6 are constants. 
The grain size is usually smaller than the wavelength in the frequency range used for the 
experimental testing of materials, and scattering occurs under these conditions. In general, 
scattering losses are large compared to absorption losses [4]. In practice, the Rayleigh and 
stochastic scattering regions, where the intensity of the scatter echoes increases with the grain 
size, are the most prevalent. To summarize, the scattering produced by a given material 
increases rapidly with increasing grain size or decreasing wavelength if the grain size is about 
1/10 of the wavelength or greater [7]. 
The grain boundaries can be represented as random point scatterers and the grain 
function of a sampIe consisting of N scatterers can be modeled as [8] 
N 
g(t) = " a. o(t - 't.) L... 1 1 (7) 
i = 1 
where ai and 'ti are assumed to be uncorrelated random variables corresponding to the 
amplitude and position of the scatterers. Since the ultrasonic system is bandlimited, the 
received grain echoes correspond to the convolution of the grain function with the impulse 
response h(t) of the transducer 
n(t) = g(t) ® h(t) (8) 
The flaw echo can be considered as a sharp boundary surrounded by grains and can be 
modeled as a single time-domain delta function convolved with the transducer impulse 
response: 
s(t) = k o( t - 't) ® h(t) (9) 
where 't is a constant indicating the location of the target and k represents its amplitude, 
which is a function of both the flaw depth and the transmitted frequency (Eqs. (1)-(6». 
The received signal r(t) from the target region is the sum of the flaw echo and the grain noise 
and can be written as [8] 
(10) 
The Fourier transform of Eq. (10) gives 
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(11) 
Since the transducer transfer function H(f) has a bandpass spectrum, the received signal will 
also be hand-limited. 
The scattering component of the attenuation coefficient may be neglected in determining 
the flaw amplitude k, hence the flaw echo will be domina ted by absorption. Therefore, the 
flaw magnitude spectrum will decay exponentially with frequency [9] 
IS(f)1 a exp( -cf) (12) 
where c is a constant. Thus, the flaw spectrum will have a stronger low frequency content. 
Under Rayleigh scattering, the grain noise power varies as the fourth power of the 
frequency, and the energy loss due to absorption increases exponentially with frequency. 
Therefore, the grain noise magnitude spectrum will be proportional to the product of the two 
terms [9] 
IN(f)l a f2. exp(-bf) (13) 
where b is a constant. Hence, the noise spectrum will have most of its power in the 
high-frequency region of the transducer pass band, while the flaw spectrum will be 
concentrated in the lower frequency region. Note that the transducer spectrum H(f) will also 
influence the variation of the flaw and grain magnitude spectra (i.e., jS(f)! and IN(f)j). 
Earlier research has also indicated that the best frequencies for a flaw detection filter are 
the lower frequencies. Elsley et al. [10] have reported that the flaw spectrum peaks at a 
frequency lower than that of the trans duc er spectrum. The frequency dependence of the 
scattering coefficient in the Rayleigh scattering region has been studied by Saniie et al. [11]. 
The results show that the intensity of the backscattered components Is targer at high 
frequencies, which indicates that grain noise due to scattering will be greater at higher 
frequencies. Hence, the noise spectrum will be concentrated at higher frequencies. These 
results are also consistent with the recent work of Bencharit et al. [5,6], which demonstrates 
that the lower frequency regions contain the flaw information. Therefore, if the grain echoes 
exhibit a strong frequency dependence, such as to allow the scattering energy to be separated 
from the lower frequency flaw echo, detection can be improved significantly by using the 
simple technique of bandpass filtering. 
In order to compare and evaluate the performance of the filter with different parameters, 
it is necessary to measure thc signal-to-noise ratio of the filtered signal and compare it with 
that of the original unprocessed signal. The definition used to measure the SNR is [5} 
SNR = Peak flaw echo amplitude 
. rms {noise signal} (14) 
The ratio of the output SNR to the input SNR is defined as the signal-to-noise ratio 
enhancement or SNRE. 
EXPERIMENTAL RESULTS AND PARAMETER OPTIMIZATION 
From the above discussion it is cIear that a Gaussian shaped bandpass filter with 
appropriate bandwidth and center frequency located in the lower part of the pass band of the 
received signal spectrum R(f), can extract the flaw information. On the other hand, a 
bandpass filter centered at the upper end ofR(f) will retain mainly grain noise and hence 
reduce the detectability of the signal. A bandpass filter is preferrable to a low pass filter since 
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it will also remove any low. frequency noise present from other sources. 
The bandpass filtering technique has been tested on heat treated austenitic stainless steel 
samples with a flat bottomed hole representing the flaw. These cylindrical shaped samples 
have average grain sizes ranging from 75 - 160 11m and since the transmitted signal has a 
wavelength of approximately 1 mm, the grain noise is mainly due to Rayleigh scattering. The 
experiments have been conducted on A-scans of the material. The data acquisition system 
uses a 125 MHz LeCroy 9400 digital oscilloscope. A MASSCOMP MC-5500 computer was 
used to control the data acquisition process and perform signal processing. The sampie was 
immersed in water and the measurements were made in the far field region of the transducer. 
A 1/2" diameter KB-Aerotech transducer of center frequency 5 MHz was used for data 
acquisition. The data was time averaged 100 times at each measurement location in order to 
reduce the system noise. A sampling frequency of 50 MHz was used for data acquisition. 
Figure la shows an A-scan obtained from the stainless steel sampie with an average 
grain size of 86 11m and a 4.2 mm diameter flat-bottom hole located at a depth of 67.1 mm 
from the front surface. The flaw echo has similar amplitude as the grain signals and cannot 
be readily identified by the naked eye. The magnitude spectrum of Fig. la is shown in Fig 
Ib. Figure lc shows the A-scan corresponding to the lower speetral region of the wideband 
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data obtained using a bandpass filter having a 3 dB bandwidth of 0.97 MHz and a center 
frequency of 2.93 MHz. These bandpass filter parameters yield the maximum SNRE at the 
filter output. The flaw echo can now be identified easily and the resulting SNRE = 2.65. It 
should be noted, however, that the bandpass-filtered A-scan has smaller bandwidth and, 
consequently, lower resolution. Figure 1d shows the output corresponding to the upper 
spectral region obtained by a bandpass filter with 0.97 MHz bandwidth and 4.8 MHz center 
frequency. 1t is dear that in this region the flaw echo amplitude is considerably reduced, 
which is also evident from the low SNRE value of 0.35. 
The stainless steel sampie with an average grain size of 106/lm and a 4.2 mm 
flat-bottom hole at a depth of 67.1mm was also examined. Figures 2a and 2b show the 
received wideband signal and the A-scan obtained using an optimal bandpass filter with 
center frequency 2.4 MHz and bandwidth 0.97 MHz, which results in SNRE=3.32. Here 
the bandpass filter has successfully identified the flaw echo, even though it was completely 
buried in grain noise in the original received signal. Similar results were also obtained for 
the stainless steel sampie with an average grain size of 160 /lm. 
The optimal bandpass filter parameters (i.e., center frequency and bandwidth) were 
identified experimentally for the stainless steel samp1es with different grain sizes [12]. The 
results in Figs. 3 and 4 reflect the average of six independent data sets with similar SNR, 
obtained from different locations. The performance of the filter was observed to be 
independent of the transducer location from where the data was collected. Figure 3 indicates 
that the performance of the bandpass filter with optimum bandwidth of 0.97 MHz is 
sensitive to shifts in the center frequency. Therefore, flaw enhancement can be achieved 
only within a certain specified range of center frequencies (i.e., 1 - 3 MHz for the 86 and 160 
/lm grain size sampies, and 2 - 4 MHz for the 106/lm grain size sampie). The peak SNRE 
was observed at a center frequency of 2 MHz for the 86 and 160 /lm grain size sampies and 
2.44 MHz for the106/lm grain size sampie. As shown in Fig. 4, when the optimal center 
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frequency is used, bandwidth values between 0.5 and 3.0 MHz do not significantly alter the 
enhancement obtained. However, the choice of filter bandwidth affects the resolution and, 
therefore, should be selected accordingly. Although these results indicate some variation in 
the optimal parameters with grain size, there is no indication of a trend. 
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Figure 3 SNRE vs. center frequency (fixed filter bandwidth = 0.97 MHz) 
The bandpass filtering technique can be very effective in suppressing grain noise 
resulting from Rayleigh scattering. However, other techniques may be desirable when the 
flaw and noise spectra show significant overlapping. The success of this technique is also 
dependent on the location of the flaw within the sampie. lf the flaw is near the scanning 
surface, its spectrum will be subjected to relatively less attenuation at high frequencies. 
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CONCLUSIONS 
The relatively simple technique of bandpass filtering has been exarnined in this work. 
The experimental results indicate that this method is successful in grain noise suppression in 
sampies where the flaw and grain echoes occupy distinct regions of the received signal 
spectrum. Under these conditions, BPF provides significant signal-to-noise ratio 
enhancement, comparable to that obtained with the more sophisticated algorithms. 
However, a loss of resolution is observed in the filtered signal due to the reduced 
bandwidth.The optimal parameters of the filter, viz., the center frequency and the bandwidth 
were determined experimentally. The range of bandwidth and center frequency values 
which provide enhancement were identified. 
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